Here we use multiple genomic approaches to identify 45 Drosophila glial genes, and we verify all of them as
glial-expressed and Gcm-regulated in vivo. The genes can be clustered into groups with common expression in specific glial subtypes or at specific times during gliogenesis; each group has a unique response to ectopic Gcm, revealing the existence of spatially and temporally restricted Gcm cofactors. Genes expressed early or in subsets of glia are excellent candidates to regulate glial development (e.g., specification, migration, glianeuron interactions) while genes expressed later may regulate glial function (e.g., synaptic buffering, axon physiology, and immune roles). We perform loss-offunction or gain-of-function analysis on one gene from each class and show that unc-5 (encoding a repulsive netrin receptor) can direct glial migration out of the CNS, and draper (encoding an EGF-repeat transmembrane protein) is essential for apoptotic neuron engulfment and larval locomotion. . Here we use a novel Gcm binding site search algorithm as a tool to rapidly identify potential direct targets of Gcm, and therefore potential new glial genes. We wrote Perl scripts designed to search the Drosophila genome for clusters of Gcm binding sites meeting our cluster criteria (see below) and identify genes in the flanking genomic DNA. We trained our algorithm to identify three known Gcm direct target genes (repo, pnt, and loco; Figures 1A and 1B) ; it narrowly misses the fourth (ttk). This training led us to define a Gcm binding site cluster as Ն8 Gcm DNA binding sites To determine which of these 384 candidate Gcm tarand all showed a loss of glial expression in gcm mutant embryos and/or upregulation in embryos where gcm is get genes are regulated by Gcm in vivo, we analyzed the mRNA expression pattern of each gene that had misexpressed throughout the CNS (Figure 2 ; Table 1 ). Previously there were no known targets for gcm in an available cDNA (n ϭ 204) in wild-type embryos and embryos misexpressing gcm throughout the CNS. We immune cell lineages. We found nine genes expressed in embryonic macrophages ( Figure 2B ). The expression scored for genes expressed in two Gcm-dependent tissues: glia (Hosoya et al., 1995; Jones et al., 1995; Vincent of all these genes was normal in gcm mutant embryos (e.g., Figure 2A ; data not shown). However, gcm has et al., 1996) and macrophages (Bernardoni et al., 1997). We found 20 genes (10%) expressed in glia and/or macrecently been shown to act redundantly in macrophage development with the closely related gcm2 gene (Alapproach has identified 17 new Gcm-regulated genes in glia, and the first 5 Gcm/Gcm2-regulated macrophage fonso and Jones, 2002), so we assayed their expression in Df(2L)132 homozygous embryos lacking both gcm genes. and gcm2 function (Kammerer and Giangrande, 2001). We observed five of the nine genes are not expressed Identification of Glial Genes Using cDNA Microarrays in embryos lacking gcm and gcm2 function, the same subset that can be induced by ectopic Gcm expression Gene expression profiling using cDNA microarrays provides an independent method for identifying genes reguin the CNS (Figure 2) . In summary, our computational lated directly or indirectly by Gcm in the CNS. We made number of other known glial genes including loco, ttk, pnt, and many of our computationally identified glial Cy3-labeled RNA from wild-type embryos and Cy5-labeled RNA from embryos overexpressing gcm genes were not dramatically enriched on microarrays ( Figure 3A ; see Discussion). To identify additional glial throughout the CNS and probed cDNA chips contained 9710 unique spots representing 4386 unique genes, genes, we analyzed the embryonic expression patterns of 153 genes that were among the most highly upreguwhich includes ‫%13ف‬ of all predicted Drosophila genes ( Figure 3A) . Each experiment was performed ten times lated in microarray experiments. This collection included all genes for which there was an available cDNA, regardfrom independent pools of embryos, and the observed changes in gene expression were highly reproducible less of predicted function or known protein motifs. We found 18 genes (12%) expressed in embryonic glial linbetween experiments (see Supplemental Data S2 at http://www.neuron.org/cgi/content/full/38/5/567/DC1 eages; all genes tested were upregulated in response to ectopic gcm in the CNS and not expressed in the for microarray statistics).
Results

Computational Identification of gcm Target Genes in Glia and Macrophages
As we would predict, a number of known gcm target CNS of gcm mutant embryos ( Figure 3B ; Table 1 ).
To investigate whether these Gcm-regulated genes genes are highly enriched by ectopic gcm expression in microarray assays. For example, the known gcm target are likely to be direct or indirect Gcm targets, we analyzed the 10 kb of DNA flanking each gene for Gcm DNA gene repo shows a ‫-3ف‬fold enrichment, and a number of our computationally identified genes including draper, binding sites using our interactive web search algorithm (http://flycompute.uoregon.edu/cgi-bin/seqseek.pl). In-CG12920, Cp1, and rac2 were also in the top 5% of genes upregulated by ectopic gcm ( Figure 3A (Figure 4 ; Table 1 ). Together our computational, microarray, and database searching approaches have yielded 45 CNS glial genes, 39 of which are newly identified. Almost 50% of these fall into one of three classes of predicted protein products: transporter molecules (20%), transcription factors (13%), or proteins involved in signal transduction (13%); this is a significant enrichment over their representation in the Drosophila genome (see Discussion). Based on their expression patterns and predicted functions, these genes are excellent candidates to regulate both early aspects of glial development (specification, migration, glia-neuron interactions) and later aspects of glial function (synaptic buffering, axon physiology, and immune function). In the following section, we use this Figures 6B-6D) ; therefore, Gcm requires a spatially restricted cofactor to induce these target genes. These spatial domains appear to be lineage specific ( Figure  6B ) or regionally restricted along the dorsoventral axis ( Figures 6C and 6D) . Genes expressed only late in glial development showed Gcm-dependent upregulation only late in development ( Figure 6E) ; therefore, Gcm requires a temporal cofactor to activate expression of these genes. We found no gene that could be induced by Gcm prior to its normal time of expression. We conclude that most identified Gcm target genes require both Gcm and a spatially or temporally restricted cofactor to be activated. This likely contributes to the generation of glial subtype diversity and adjusts the timing of gene expression for proper glial function. ) that is embryonic lethal and two hypoaxons tracts to which they normally are strongly attracted and tightly adhere. We conclude that most glia morphic alleles (drpr EP(3)522 and drpr
Glial Development: unc-5 Orients Glial Migration
⌬19
) that are larval lethal ( Figure 8B ). We found that embryos homozygous can respond to activation of the Unc-5 signaling pathway and that nonmigratory glia and glia that migrate for the drpr ⌬5 null allele showed no defects in early CNS development (e.g., glial and neuronal specification, mitoward the midline must keep unc-5 expression off or low. Conversely, the laterally migrating glia are likely to gration, proliferation), but did show clear defects in CNS cell corpse engulfment. Wild-type embryos had 25.9 Ϯ require unc-5 expression to induce their migration away from the midline. 0.8 cell corpses per hemisegment, while drpr ⌬19 had 31.0 Ϯ 0.9, and drpr ⌬5 had 43.6 Ϯ 1.7 ( Figure 8H ). Consistent with this phenotype, we found strong Draper immuGlial Function: draper Is Required for Glial Immune noreactivity on vesicles within glia that contain neuronal Function and Larval Behavior cell corpses ( Figure 8G ). Together, our data indicate A subset of our panglial genes are likely to play a role that draper is a downstream target of Gcm in glia and in glial function, rather than early developmental events, macrophages, it encodes a Ced-1-like transmembrane due to their broad and later expression patterns. We domain receptor expressed on glial and macrophage characterized the expression and function of one of membranes, and it is required for cell corpse removal these novel genes, CG2086 (which we have named in the CNS. draper; drpr), which is expressed in all Gcm ϩ glia and Draper protein is detected at high levels on glial memmacrophages (Figure 2) . We obtained and fully sebranes that ensheath motor nerves, so we investigated quenced seven cDNAs representing transcripts from the its role in motor neuron function. Flies homozygous for draper locus. Each is predicted to encode one of three hypomorphic draper alleles died as first instar larvae, different splice variants of an EGF-repeat single-pass which allowed us to assay the role of draper in larval transmembrane domain receptor molecule ( Figure 8B) . locomotion. We found that drpr EP(3)522 and drpr ⌬19 larvae BLAST homology searches reveal that draper appears were profoundly uncoordinated as judged by quantitato be the sequence homolog of the C. elegans cell tive assays ( Figure 8E We have used multiple genomic approaches to identify 45 Drosophila glial genes, and nearly all have been verielegans, we tested whether draper performed a similar role in the Drosophila CNS glia.
fied as Gcm regulated in vivo. The genes can be clustered into groups that show a common expression patWe generated an antibody to the Draper intracellular domain, which is predicted to recognize all known protern in specific glial subtypes or at specific times during gliogenesis; each group has a unique response to ectein isoforms. We detect Draper protein on the plasma membrane of all glia, including glial membranes entopic Gcm, revealing the existence of spatially and temporally restricted Gcm cofactors. Genes expressed early sheathing axon tracts, and outside the CNS on the membranes of macrophages ( Figures 8C, 8D, 8F, and 8G ; we have not yet tested most of these genes for Gcm-dependent expression. In addition, future studies of postembryonic Gcm-dependent development will likely reveal additional Gcm targets. Finally, the number of glial and macrophage genes identified from our full collection of 384 will increase as we assay the remaining ‫081ف‬ candidate Gcm target genes for which ESTs are not currently available.
This collection of Gcm-regulated genes provides the opportunity to define the optimal binding site for Gcm or its cofactors by analyzing the genomic regions surrounding these genes. For example, do glial-specific Gcm targets share genomic sequence motifs that are distinct from macrophage-expressed Gcm targets? Do all late, dorsal, or panglial expressed genes share distinct genomic sequence motifs that might aid in the (Table 1) , multiple binding sites gives a greater degree of specificwhich are now excellent candidates for regulating mamity than a single site alone: for example, clusters of Pnt malian glial development and function.
and Gcm sites should enrich for glial genes, whereas Pnt and Dl sites should enrich for dorsoventral-restricted Computational Identification of Transcription genes in the early embryo. This method is already quite Factor Target Genes powerful and will only become more useful as additional Our computational approach proved to be an effective means for identifying Gcm-regulated genes in both glia genomes become sequenced, which will help distin- This collection of glial genes provides insight into glial biology, even prior to functional analyses. The most so many direct targets should be highly "downregulated" in our microarray experiments; however, we have prominent class of gene products identified is predicted molecular transporters. In fact, 20% of the genes in yet to investigate this class of genes. Although we clearly enriched for glial genes in these experiments, 88% of our collection are transporters, whereas transporters account for only 4% of the genes in the fly genome. the upregulated genes appear to be false positives expressed outside the CNS or ubiquitously. In addition, Glial transporters are likely to regulate the extracellular environment around axons and synapses (e.g., pH, ionic, many known glial genes-pnt, loco, and many genes identified in our computational analysis (Figure 2 )-were and neurotransmitter balance), a well-described role for vertebrate glia. For example, one of the best-studied false negatives in microarray experiments. This is not due to variability in the mRNA pools used to make functions of vertebrate glia is the removal of the neurotransmitter glutamate from the synaptic cleft. Vertebrate probes, as we replicated each experiment ten times with a very high degree of reproducibility (see Supplemental glia that ensheath synapses abundantly express excitatory amino acid transporters (EAATs) that have a high Data S2 at http://www.neuron.org/cgi/content/full/38/5/ 567/DC1). Rather, we believe this is a problem with the affinity for glutamate and rapidly remove it from the extracellular environment. Once glutamate has entered complexity of whole-embryo tissue. False positives may be due to upregulation of target gene expression outside the cell, it is converted by glutamine synthetase (GS) into glutamine for subsequent transport back into neuthe CNS as an indirect effect of ectopic Gcm within the CNS. In contrast, many false negatives may be due to rons and reuse as a neurotransmitter (Figure 9) . We identified the Drosophila EAATs and a GS sequence gene expression outside the CNS, which would mask increased expression within the CNS due to panneural orthologs as Drosophila glial genes ( Figure 9 ; Table 1) ; at late embryonic stages, these genes are activated very Gcm.
Our results suggest that microarray data alone, withspecifically and at high levels in CNS glia. Thus, the activation of EAATs and GS2 appears to be a late step out in vivo verification, should be interpreted with great caution. A recent microarray study, using similar genoin Drosophila glial differentiation, and Drosophila glia are likely responsible for clearing and recycling extracellular types to our microarray experiments, reported over 1500 Gcm-regulated genes (Egger et al., 2002) . We observed glutamate. This suggests there may be an unexpectedly high degree of conservation in the program of glial develan 88% false positive rate, and thus we predict a similar rate of false positives among these 1500 putative Gcmopment between Drosophila and mammals, despite the Consistent with gcm acting at the top of a transcripmembrane morphogenesis). In contrast, gcm targets that are expressed in subsets of glia, for which Gcm tional hierarchy controlling glial and immune cell development, our collection is enriched for genes encoding requires spatially or temporally restricted cofactors to induce their expression, may have glial subtype-specific transcription factors; ‫%31ف‬ in our collection versus 5% in the Drosophila genome. Future studies will be aimed functions. For example, CG7117 is expressed at high levels only in longitudinal glia, and thus CG7117 may be at unraveling how these transcriptional regulators act to generate various subtypes of glial and immune cells. required for enwrapping the longitudinal axon bundles or regulating cell-specific aspects of their physiology. Another abundant class of glial genes are those encoding products predicted to regulate signal transduction;
Similarly, transcription factors such as Dri, Aly, and Dll are expressed in subsets of glia, and may act alone ‫%31ف‬ in our collection versus ‫%4ف‬ in the Drosophila genome. Molecules involved in cell-cell communication or together with Gcm to regulate glial subtype-specific gene expression. In the future it will be of great interest may play an essential role in glial migration or glialaxon interactions. For example, CG4322 is predicted to to identify the spatial and temporal Gcm cofactors and determine if they play an important role in patterning encode a 7 transmembrane domain receptor that may function together with loco, which encodes a regulator Drosophila or vertebrate glial lineages. of heterotrimeric G protein signaling that has been shown to be required for proper glial ensheathment of unc-5 Regulates Glial Migration nerves (Granderath et al., 1999) . One of the most exciting Glia exhibit dynamic migration patterns in the CNS that classes of Drosophila glial genes are those lacking must be coordinated with neuronal development so that known functional motifs but having strong human orthe appropriate neuron-glial and axon-glial interactions thologs (Table 1) . Genetic studies of these glial/macrotake place. Glia follow stereotyped migration routes in phage genes is likely to provide novel insights into glial the Drosophila embryonic CNS: some migrate toward the biology in both Drosophila and humans.
CNS midline (e.g., the longitudinal glia that enwrap the axon connectives), some migrate away from the midline (e.g., the nerve root glia that ensheath axons entering
Generation of Glial Diversity Requires Complex Spatial and Temporal Regulation of Downstream
and exiting the CNS), and others are nonmigratory. We chose one of our early expressed glial genes, unc-5, to Target Genes by Gcm Gcm is expressed in all glial lineages throughout most analyze for a role in glial development, and we found that it regulates glial cell migration. Studies over the of embryogenesis and is a potent glial inducer, but how does this single transcription factor activate the appropast decade have shown that netrins and their DCC/ UNC-5 receptors play key roles in directing axon guidpriate target genes for each glial subtype, or at the correct time of glial development? Here we identify at least ance; here we show that the repulsive netrin receptor Unc-5 regulates glial migration as well. unc-5 is specifithree temporal phases of glial development distinguished by the expression of specific genes at either cally expressed in glia that migrate away from the midline, and misexpression of unc-5 in medially migrating early, mid, or late glial developmental stages ( Figure 5A) ; we also identify different glial subtypes that coexpress glia blocks their medial migration. Thus, medially migrating glia must keep unc-5 expression off to achieve their groups of glial genes ( Figure 5B ), with each group of genes having a distinctive, shared response to ectopic normal position, whereas laterally migrating glia may require unc-5 expression for their lateral migration; idenGcm (Figure 6) . Genes expressed in all glia, for which gcm appears to be sufficient to activate their expression, tification and analysis of the unc-5 mutant phenotype will be necessary to confirm this prediction. Interestengulf/ensheath the target cell. There are important differences, however, because cell corpse engulfment ingly, a similar role for netrins in repelling oligodendrocyte precursors from optic nerve chiasma during verteleads to destruction of the target cell, whereas axon ensheathment leads to survival and nourishment of the brate visual system development has been proposed (Sugimoto et al., 2001); thus, Drosophila and vertebrate target cell. In the future, it will be interesting to test the hypothesis that Draper mediates both cell corpse glia appear to use similar molecular mechanisms to coordinate repulsive migratory events during glial developengulfment and axon ensheathment. ment. It remains to be seen whether glia that migrate 
